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ELECTRONIC CIRCUIT,
ELECTRO-OPTICAL DEVICE, AND
ELECTRONIC APPARATUS INCLUDING THE
SAME

BACKGROUND

1. Technical Field

The present invention relates to electronic circuits, electro-
optical devices, and electronic apparatuses including the
same. More particularly, the invention relates to a circuit
formed on a substrate using a thin-film polysilicon deposition
technique, a liquid crystal display device including the cir-
cuit, and an electronic apparatus including the liquid crystal
display device.

2. Related Art

In recent years, a technology in which various thin-film
transistor circuits are formed on glass substrates using a low-
temperature polysilicon deposition technique, i.e., a System
On Glass (SOG) technology, has been actively developed.
Examples include a monolithic driver in which a driver circuit
is integrated onto a glass substrate of a liquid crystal display.

As one application of the SOG technology, it is conceivable
to form a sensor and its sensing circuit on a glass substrate.
For example, by using a structure in which an optical sensor
and a sensing circuit are integrated onto a transparent sub-
strate constituting a liquid crystal display, and in which the
state of external light is detected, and the illuminance of a
backlight is controlled on the basis of the detected results, it is
possible to maintain the optimal visibility of the liquid crystal
display regardless of the environment. There are many other
sensors, such as temperature sensors, gyro sensors, and incli-
nation sensors, that benefit from being disposed on glass
substrates. In general, outputs of these sensors are analog
signals. In order to process the analog signals by a digital
logic circuit disposed on a glass substrate so as to be used for
proper control, it is necessary to convert the signals to digital
form with an A/D conversion circuit.

FIG. 11 is a circuit diagram showing an example of an A/D
conversion circuit of a known current device. In the current
device (sensor 1), one end is connected to a power supply
voltage VD, and the other end is connected via a Node-A, the
voltage of which is VA, to a drain electrode and a gate elec-
trode of a transistor 2. A source electrode of the transistor 2 is
connected to a power supply voltage VS. The Node-A is
connected to a comparator circuit 3.

In the current device, which is the sensor 1, a current
Isense, which flows between the power supply voltage VD
and the Node-A, changes according to the quantity of a physi-
cal stimulus to be sensed and a voltage (VD-VA) applied
between the power supply voltage VD and the Node-A.

In the transistor 2, the voltage between the gate and the
source is given by the equation Vgs=VA-VS and the voltage
between the drain and the source is given by the equation
Vds=VA-VS. Hence, Vds=Vgs. Therefore, if the threshold
value Vth of the transistor 2 satisfies the relationship Vth>0,
the relationship Vds>Vgs—Vth is satisfied. When Vth<VA-
VS, the transistor 2 always operates in a saturation region.
The characteristics of a general MOS transistor in the satura-
tion region are expressed by equation (1).

w N M
lds = 3L XuXCOx(Vgs— Vih)
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Here, W is the channel width of the transistor, L is the channel
length, p is the mobility, and C0 is the gate capacitance.

From Kirchhoff’s law, the relationship Isense=Ids is obvi-
ous. Hence, equation (2) is satisfied.

Isense = v X X COX (Vgs — Vih)? @
3L <H g
Equation (2) can be transformed into equation (3).
Isense X 2L (&)
Vgs= | ————— +Vih
W xuxC0
Since VA=Vgs+VS, equation (4) is derived.
)

Isense x 2L
VA= | ——— +Vih+ VS
WxuxC0

Assuming that the current Isense does not depend on the
voltage VA, it is possible to easily obtain the current Isense
from the voltage VA.

One example of a sensor device that satisfies the assump-
tion is an optical sensor device which uses a PN junction
diode or a PIN junction diode. When a reverse bias is applied
to such a device, the current Isense is a constant current source
which generates a current proportional to the light illumi-
nance in a certain range. Hence, equation (5) is valid.

2L x Isense
VA= | ———— +Vih+ VS
WxuxC0

Thatis, the current Isense is calculated from the voltage VA
according to equation (6).

®

WxuxC0 6)

I = (VA - Vih-V8)? x
sense = ( j] oL

Here, the voltage VA of the Node-A is input to the com-
parator circuit 3. FIG. 12 is a circuit diagram showing a
configuration of the comparator circuit 3. This circuit com-
pares the input voltage Vin with the reference voltage Vref. If
Vin(=VA)>Vref, the circuit outputs a High voltage (=VD) to
an output signal Out. If Vin(=VA)<Vref, the circuit outputs a
Low voltage (=VS) to the output signal Out. Therefore, when
the reference voltage Vrefis applied to the comparator circuit
3, by referring to the digital output result of the terminal of the
output signal OUT, it is possible to find out whether the
voltage VA is higher or lower than the reference voltage Vref.
In such a case, when digital conversion is desired in 256
gradations, 255 comparator circuits 3 are arranged in parallel,
and different reference voltages Vref are applied thereto.
Alternatively, it is possible to perform conversion in the same
manner by inputting a staircase waveform (255 STEP) to the
reference voltage Vref, and by storing the output results.
Which method is to be selected may be determined depending
on the circuit area, power consumption, and sampling rate.
Furthermore, it is of course possible to employ a configura-
tion in which both methods are combined. Namely, it is pos-
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sible to perform digital conversion in 256 gradations by input-
ting 16 staircase waveforms (15 STEP) having different
levels into 16 corresponding comparators.

Furthermore, in the circuit shown in FIG. 12, preferably,
transistors 3a, 3b, 3¢, and 34 have the same size. For example,
in each of the transistors 3a, 35, 3¢, and 3d, the channel width
W is set at 10 um, and the channel length is set at 6 um.

Since the voltage VA is determined in a certain range as
described above, by using equation (6), it is possible to deter-
mine the current Isense, which gives the physical quantity to
be checked, for example, illuminance. That is, the output of
the sensor can be A/D converted.

Furthermore, even in a sensor in which the current Isense of
the sensor 1is not constant and is a function of (VD-VA), A/D
conversion can be performed using the same electronic cir-
cuit. For example, in a sensor device having a certain imped-
ance Rsense that depends on a measured quantity, the current
Isense is expressed by equation (7).

(VD-VA)
Rsense

o

Isense =

Examples of such a device include a temperature sensor
including a resistor, and a gyro sensor including a variable
resistor. A sensor is taken as an example, in which the imped-
ance Rsense varies with temperature according to equation

@®).

Rsense = ROX exp(g) ®)

Here, T is the absolute temperature (K), and R0 and B are
characteristic constants of the temperature sensor.

The following equation (9) is obtained from equations (4)
and (7).

)

2Lx(VD-VA)
VA= | —————————— +Vih+ VS
Rsensex W x ux C0

The above equation is solved to give equation (10).

2Lx (VD -VA)
WXuxCOX(VA = Vih—VS)?

10
Rsense = 1o

Thus, the impedance Rsense is calculated from the voltage
VA. By substituting the resulting value into equation (8), the
temperature T is obtained.

However, in general, characteristics, in particular, satura-
tion characteristics, of polysilicon thin-film transistors are
inferior to those of MOS transistors which are formed on
single-crystal silicon substrates. Therefore, polysilicon thin-
film transistors have a problem in that the dynamic range
where A/D conversion is possible is significantly narrow.

FIG. 13 is a graph showing output characteristics of tran-
sistors. A curve (A) indicates output characteristics of a MOS
device formed on a single-crystal silicon device, and a curve
(B) indicates output characteristics of a polysilicon thin-film
transistor device. Substantially horizontal portions on the
curves (A) and (B) each correspond to a saturation region
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4

which satisfies equation (1) and in which Vgs>Vth and Vgs—
Vth<Vds<Vkink, where Vkink is the voltage at which a kink
phenomenon starts to occur. The region in which Vds>Vkink,
does not satisfy equation (1). In the MOS device formed on
the single-crystal silicon device, Vkink is high and equation
(1) is satisfied in a relatively wide range. (That is, the hori-
zontal portion on the curve is large.) Consequently, the range
of'the current Isense that can be derived from equation (6) is
relatively large.

For example, in a device with a Vkink of 10V, Vds(=VA-
VS) must be less than 10 V. Assuming that the channel width
W is 10 um, the channel length L is 6 pm, the mobility is 1,300
cm?/V/S, and the thickness of the gate oxide film is 100 nm,
Isense is calculated to be less than about 3 mA from equation
(4). With respect to the lower limit, theoretically, when
Vgs—Vth(Va—Vth-Vs), I[ds—0. However, in practice, since
a slight leakage current always flows, even if Vgs—Vth,
Ids—Ileak, and no change is observed in a range lower than a
certain level. Furthermore, in practice, taking the maximum
range AVth of production variation of Vth into account, VA
must be approximately equal to or greater than AVth-VS. In
consideration of all of the above, at Isense greater than about
1 nA, which is practical, and in a MOS device formed on a
single-crystal device, itis possible to perform A/D conversion
in an Isense range of 1 nA to 3 mA using the structure shown
in FIG. 11. That is, the measurement dynamic range is about
3,000,000:1. Furthermore, in order to shift the range to the
lower current side, the channel width W of the transistor 2 is
decreased (or the channel length L is increased). In order to
shift the range to the higher current side, the channel width W
of the transistor 2 is increased (or the channel length L is
decreased). In either case, the dynamic range does not
change.

However, in a polysilicon thin-film transistor, in particular,
in a low-temperature polysilicon (LTPS) thin-film transistor
which is formed by a low-temperature process at 600° C. or
lower, the mobility is about 100 cm®/V/S, and the kink volt-
age is low. A kink phenomenon starts to occur at a Vkink of
about 6 V. Furthermore, the off-leak current is increased, and
when Vds=Vgs=Vth, Ileak is about 10 nA (W=10 um and
L=6 pm). The maximum range AVth is also large being from
several tens of millivolts to about 200 mV. The calculations
performed in the same manner as above show that the mea-
surable current range is 10 nA to 80 pA in terms of the current
Isense, and the dynamic range is about 8,000:1, which is
considerably lower than that of the MOS transistor.

As described above, in the A/D conversion circuit includ-
ing polysilicon thin-film transistors, it is not possible to obtain
asufficient A/D conversion dynamic range compared with the
case in which MOS transistors on a single-crystal silicon
device are used, which is a problem.

JP-A-6-245152 is an example of related art.

SUMMARY

An advantage of some aspects of the invention is that an
A/D conversion circuit including polysilicon thin-film tran-
sistors is provided in which a sufficient A/D conversion
dynamic range can be obtained and which is suitable for
polysilicon thin-film transistors.

An aspect of the invention relates to an electronic circuit
having transistors disposed on a substrate, each transistor
including an active layer made of thin-film polysilicon, the
electronic circuit including a sensor that converts a measured
quantity into a current value, a current-voltage conversion
circuit that converts the current value into a voltage, and a
voltage detection circuit that detects the voltage converted by
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the current-voltage conversion circuit and outputs a predeter-
mined signal, wherein the current-voltage conversion circuit
includes a range-switching circuit that switches a current-
voltage conversion range.

According to the above aspect of the invention, in the
electronic circuit having transistors disposed on the substrate,
each transistor including an active layer made of thin-film
polysilicon, the measured quantity detected by the sensor is
converted into the current value, and the converted current
value is converted into the voltage by the current-voltage
conversion circuit. The voltage converted by the current-
voltage conversion circuit is detected and a predetermined
signal is output by the voltage detection circuit. The current-
voltage conversion range can be switched by the range-
switching circuit provided on the current-voltage conversion
circuit, and thus, it is possible to secure a sufficient A/D
conversion dynamic range.

In the electronic circuit, preferably, the current-voltage
conversion circuit has field-effect transistors each including
an active layer made of thin-film polysilicon disposed on the
substrate and includes a first transistor and a second transistor
connected in parallel, and a control circuit that is connected to
the second transistor and controls a current flowing into the
second transistor, wherein the second transistor and the con-
trol circuit constitute the range-switching circuit, and by con-
trolling the current flowing into the second transistor by a
range switching signal, the current-voltage conversion range
of the current-voltage conversion circuit is switched.

In such a structure, since the current-voltage conversion
range (range to be measured) of the current-voltage conver-
sion circuit can be switched by the range-switching signal, it
is possible to secure a sufficient A/D conversion dynamic
range even in a circuit including field-effect transistors each
including an active layer made of thin-film polysilicon.

Furthermore, in the electronic circuit, preferably, the sen-
sor is a PIN junction diode or a PN junction diode including
an active layer made of thin-film polysilicon, the active layer
being the same layer as the active layer of each of the first
transistor and the second transistor, and the measured quan-
tity corresponds to a light illuminance.

In sucha structure, it is possible to measure the illuminance
of light with which the substrate is irradiated without an
increase in cost. For example, when the electronic circuit is
applied to a display device, it is possible to maintain optimal
display quality in response to external light.

Furthermore, in the electronic circuit, preferably, the sen-
sor is a resistor including the thin-film polysilicon which is
the same as that for the active layer of each of the thin-film
transistors, and the measured quantity corresponds to a tem-
perature.

Insuchastructure, itis possible to measure the temperature
of the substrate without an increase in cost. For example,
when the electronic circuit is applied to a display device, it is
possible to control gradations optimally so that optimal dis-
play quality is maintained in response to temperature.

Furthermore, in the electronic circuit, preferably, the volt-
age detection circuit includes a plurality of comparator cir-
cuits having the same circuit configuration, and different
reference voltages are applied to the comparator circuits.

In such a structure, it is possible to measure multiple volt-
ages output from the current-voltage conversion circuit in a
short period of time to A/D convert the measured quantity of
the sensor.

Furthermore, in the electronic circuit, preferably, the volt-
age detection circuit includes a plurality of CMOS inverters
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6

or CMOS clocked inverters having different ratios of the
channel width of an N-channel transistor to the channel width
of a P-channel transistor.

Insuch astructure, itis possible to A/D convert the voltages
output from the current-voltage conversion circuit with a
significantly small number of elements.

Furthermore, in the electronic circuit, preferably, the volt-
age detection circuit is a comparator circuit, and different
reference voltages are applied sequentially thereto.

In such a structure, it is possible to measure multiple volt-
ages output from the current-voltage conversion circuit with a
small number of elements to A/D convert the measured quan-
tity of the sensor.

Another aspect of the invention relates to an electro-optical
device which includes the electronic circuit in accordance
with an embodiment of the invention.

In such a structure, since an A/D conversion circuit can be
formed on a glass substrate in the same manufacturing step as
an active matrix, it is possible to manufacture an electro-
optical device with a built-in sensor at low cost.

A further aspect of the invention relates to an electronic
apparatus which includes at least the electro-optical device in
accordance with an embodiment of the invention, and a dis-
play information processing circuit that processes display
information to be displayed on the electro-optical device.

According to this aspect of the invention, by incorporating
an electro-optical device and a display information process-
ing circuit that processes display information displayed on
the electro-optical device into an electronic apparatus, it is
possible to manufacture a multifunctional electronic appara-
tus excellent in display quality at lower cost. Furthermore,
since the freedom with which the sensor can be arranged is
enhanced, the overall dimensions can be reduced, and it is
possible to manufacture an electronic apparatus with excel-
lent design properties, which is also advantageous.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described with reference to the
accompanying drawings, wherein like numbers reference like
elements.

FIG. 1 is a circuit diagram showing a sensor and an A/D
conversion circuit according to a first embodiment of the
invention.

FIG. 2 is a detailed circuit diagram of each comparator
circuit according to an example of the first embodiment.

FIG. 3 is a detailed circuit diagram of each comparator
circuit according to another example of the first embodiment.

FIG. 4A is a diagram showing an active matrix substrate of
a liquid crystal display device according to the first embodi-
ment; and FIG. 4B is an enlarged diagram of a section sur-
rounded by a dotted line in FIG. 4A.

FIG. 5 is a perspective schematic view of the liquid crystal
display device according to the first embodiment.

FIG. 6 is a flowchart showing an example of a backlight
control algorithm of a backlight control unit according to the
first embodiment.

FIG. 7 shows an example of look-up tables according to the
first embodiment.

FIG. 8 is a block diagram of an electronic apparatus
according to the first embodiment.

FIG. 9 is a circuit diagram showing a sensor and an A/D
conversion circuit according to a second embodiment of the
invention.

FIG. 10 is a circuit diagram showing a sensor and an A/D
conversion circuit according to a third embodiment of the
invention.
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FIG. 11 is a circuit diagram showing a sensor and an A/D
conversion circuit according to a known example.

FIG. 12 is a detailed circuit diagram of a known comparator
circuit.

FIG. 13 is a graph showing output characteristics of a
known thin-film transistor.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Liquid crystal display devices according to embodiments
of'the invention will be described below with reference to the
drawings.

First Embodiment

FIG. 1 is a diagram showing a sensor 1 and an A/D con-
version circuit 100a (electronic circuit) realizing an elec-
tronic circuit in accordance with a first embodiment of the
present invention. Elements that are the same as those of the
known structure shown in FIG. 11 are designated by the same
reference numerals, and a description thereof is omitted.
Referring to FIG. 1, a transistor 2 (first transistor), a transistor
4 (second transistor), a transistor 5 (control circuit), and tran-
sistors constituting comparator circuits 31 to 38 are field-
effect transistors each including an active layer made of thin-
film polysilicon disposed on a glass substrate (substrate).

The transistor 2, the transistor 4, and the transistor 5 con-
stitute a current-voltage conversion circuit that converts a
current into a voltage. The transistor 4 and the transistor 5
constitute a range-switching circuit that switches the current-
voltage conversion range (measurement range) of the current-
voltage conversion circuit.

As shown in FIG. 1, the transistor 2 and the transistor 4 are
connected in parallel between a Node-A and a power supply
voltage VS. The transistor 5 (control circuit) is connected in
series with the transistor 4 between the Node-A and a drain
electrode, the transistor 5 (control circuit) controlling the
current flowing into the transistor 4. A range-switching signal
V1 is connected to a gate electrode of the transistor 5, the
range-switching signal V1 switching the current-voltage con-
version range.

Inthis embodiment, the sensor 1 is a photodiode sensor that
measures the state of external light. The photodiode sensor is
a lateral PIN photodiode including an active layer made of
thin-film polysilicon which is the same layer formed in the
same manufacturing step as thin-film polysilicon constituting
the active layer of each of the transistors 2, 4, and 5 or the layer
having the same thickness as thin-film polysilicon constitut-
ing the active layer of each of the transistors 2, 4, and 5. In the
sensor 1, a cathode electrode is connected to a power supply
voltage VD, and an anode electrode is connected to the Node-
A. The sensor 1 is always used in a reverse bias state. In a
proper bias voltage range, current Isense is proportional to the
illuminance of external light and does not depend on an
applied bias voltage (VD-VA).

The transistor 4 has a channel width W that is 99 times that
of the transistor 2, and the transistor 5 has the same channel
width W as that of the transistor 4. All the transistors have the
same channel length L. In this example, the channel width W
of'the transistor 2 is 10 pum, the channel width W of each of the
transistor 4 and the transistor 5 is 990 um, and the channel
length L of each of the transistors 2, 4, and 5 is 6 um.

With respect to power supply voltages VD and VS applied
from external sources, for example, VD=8 V and VS=0 V.
Reference voltages Vrefl to Vref8 are reference voltages
applied from external sources. In this example, Vrefl=1.5V,
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Vref2=2.0 V, Vref3=2.5 V, Vrefd=3.0 V, Vref5=3.5 V,
Vret6=4.0 V, Vref7=4.5V, and Vref8=5.0 V.

Here, V1 is a range-switching signal and has the same
potential as the power supply voltage VD or the power supply
voltage VS. When V1=VS, the transistor 5 is OFF. Thus, a
current 12 flowing between drain and source of the transistor
4 is nearly equal to zero, and the same operation as in the
known example shown in FIG. 11 is performed. That is, when
Isense=I1, provided that the mobility of each of the transistors
2 and 4 is 100 cm?/V/S, Vkink=6 V, the thickness of the gate
insulating film is 100 nm, and Ileak of the transistor 2 at
Vds=Vgs=Vth is 10 nA, equation (6) is satisfied in a 11
(=Isense) range of 10 nA to 80 pA.

When V1=VD, each of the transistors 2 and 4 operates in a
saturation region at the same gate voltage (Vgs=VA-VS), and
thus 12=I1x99. That is, since Isense=I1+12, Isense=I11x100.
Since equation (6) is satisfied in the I1 range of 10nA to 8OpA
from the calculations described above, measurement can be
performed at Isense in a range of 1 pA to 8 mA. When the
results in cases where V1=VD and V1=VS are combined, it is
possible to perform measurement at Isense in a range of 10 nA
to 8 mA. That is, the measurement dynamic range is about
800,000:1. In order to perform switching of the range-switch-
ing signal V1, a method may be used in which measurement
is performed at V1=VD and at V1=V for each scanning, and
the results are combined and output. Alternatively, it may be
possible to adopt a logical structure in which measurement is
first performed at V1=V, and if all the results (output signals
OUT) are High, measurement is performed again at V1=VD.
Alternatively, a configuration may be used in which a sensor
1 and an A/D conversion circuit for measuring the range are
separately provided in parallel, and the range is switched on
the basis of the measurement result thereof.

In such a manner, the current Isense is converted into the
voltage VA of the Node-A, the resultant value is measured by
a plurality of comparator circuits 31 to 38 having the same
circuit configuration. Here, the reference voltages Vrefl to
Vref8 are set so as to satisfy the relationship
VS<Vrefl<Vref2 ... <Vref8<VD. For example, when output
signals OUT1 to OUT3 result in Low (=VS) and output
signals OUT4 to OUT8 result in High (=VD), it can be deter-
mined that Vref3<VA<Vref4. By reading the outputs of the
output signals OUT1 to OUTS in such a manner, it is possible
to measure the voltage VA in 9 stages, from which the current
Isense is also calculated in 9 stages using equation (6). The
results can be easily converted into illuminance. Additionally,
the comparator circuits 31 to 38 each may have the same
configuration as that of the known example shown in FIG. 12,
or may have a configuration shown in FIG. 2 or 3.

In the configuration shown in FIG. 2, Nch and Pch are
reversed in TFTs compared with the configuration shown in
FIG. 12. The configuration shown in FIG. 12 is suitable when
the reference voltage Vref is closer to the power supply volt-
age VS, and the configuration shown in FIG. 2 is suitable
when the reference voltage Vref'is closer to the power supply
voltage VD. Meanwhile, in a configuration shown in FIG. 3,
although the number of elements is large and the circuit area
is large, the range of the reference voltage Vref that can be
operable is wide compared with the configuration shown in
FIG. 12 or 2. Furthermore, a configuration is also conceivable
in which a constant current source (e.g., a transistor in which
a bias voltage is applied to a gate) is connected in series to the
power supply voltage VD or the power supply voltage VS in
the configuration shown in FIG. 12 or 2 so as to increase the
operating margin. The most suitable comparator may be
selected by a trade-off between the area, operating margin,
and the like.
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FIG. 4A is a diagram showing an active matrix substrate
101 for a transmissive-mode VGA-resolution liquid crystal
display device for realizing an electro-optical device accord-
ing to the first embodiment of the invention. On the active
matrix substrate 101, 480 scanning lines Al to A480 and
1,920 data lines B1 to B1920 are disposed so as to be orthogo-
nal to each other, and 480 capacitor lines C1 to C480 are
arranged in parallel and alternately with the scanning lines A1
to A480. The capacitor lines C1 to C480 are short-circuited
with each other and connected to a common voltage input
terminal 602. Conducting portions 304 are also connected to
the common voltage input terminal 602. The sensor 1 and the
A/D conversion circuit 100a shown in FIG. 1 are also dis-
posed on the active matrix substrate 101, and the output
signals OUT1 to OUTS are connected to an output terminal
603 so that an output is produced in response to the illumi-
nance of external light.

FIG. 4B is anenlarged diagram of a section 310 surrounded
by a dotted line in FIG. 4A. At an intersection of each of
scanning lines An (where n is an integer satisfying the rela-
tionship 1=n=480) and each of data lines Bm (m is an integer
satistying the relationship 1=m=1,920), a pixel switching
element 401 (An,Bm) including an N-channel field-effect
transistor made of thin-film polysilicon is disposed. A gate
electrode thereof is connected to the scanning line An, and a
source electrode and a drain electrode thereof are connected
to the data line Bm and a pixel electrode 402 (An,Bm),
respectively. A pixel electrode 402 (An,Bm) and a capacitor
line Cn form an auxiliary capacitor, and when the active
matrix substrate 101 is assembled as a liquid crystal display
device, the pixel electrode 402 (An,Bm) and a counter sub-
strate electrode (common electrode) form a capacitor with a
liquid crystal element therebetween. Here, the transistor 2,
the transistor 4, the transistor 5, transistors constituting the
comparator circuits 31 to 38, and pixel switching elements
401 (An,Bm) are manufactured in the same step.

The scanning lines A1 to A480 are connected to a scanning
line drive circuit 301, from which driving signals are sup-
plied. The data lines B1 to B1920 are connected to a data line
drive circuit 302 and a data line precharge circuit 303, from
which image signals and precharge voltages are respectively
supplied. The scanning line drive circuit 301, the data line
drive circuit 302, and the data line precharge circuit 303 are
connected to signal input terminals 601, from which neces-
sary signals and power supply voltages are supplied. The
scanning line drive circuit 301, the data line drive circuit 302,
the data line precharge circuit 303 are formed by integrating
polysilicon thin-film transistors on the active matrix sub-
strate, and are manufactured in the same step as the pixel
switching elements 401 (An,Bm), thus constituting a drive
circuit built-in liquid crystal display device.

FIG. 5 is a perspective schematic view (partially sectional
view) of a transmissive-mode VGA-resolution liquid crystal
display device including the active matrix substrate shown in
FIGS. 4A and 4B according to the first embodiment. In a
liquid crystal display device 910, aliquid crystal material 922
having a nematic phase is interposed between the active
matrix substrate 101 (first substrate) and a counter substrate
912 (second substrate). The active matrix substrate 101 and
the counter substrate 912 are bonded with each other with a
sealing material 923 to enclose the liquid crystal material 922.
Although not shown in the drawing, an alignment film is
disposed over the pixel electrodes of the active matrix sub-
strate 101, the alignment film being formed by coating of an
alignment material composed of polyimide or the like and
subjected to rubbing treatment. Furthermore, although not
shown in the drawing, the counter substrate 912 is provided
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with color filters corresponding to the pixels, a black matrix
that prevents light leakage and improves contrast, and a
counter electrode composed of an ITO film to which a com-
mon voltage is applied. An alignment material composed of
polyimide or the like is applied by coating on a surface, which
is in contact with the liquid crystal material 922, of the
counter substrate 912, and the resulting alignment film is
subjected to rubbing treatment in a direction which is
orthogonal to the rubbing treatment direction of the align-
ment film of the active matrix substrate 101.

Furthermore, an upper polarizer 924 is disposed on the
outer surface of the counter substrate 912, and a lower polar-
izer 925 is disposed on the outer surface of the active matrix
substrate 101. The upper polarizer 924 and the lower polarizer
925 are arranged such that the polarization directions are
orthogonal to each other (in a cross-Nicol configuration).
Furthermore, a backlight unit 926, which is a surface illumi-
nant, is disposed under the lower polarizer 925. The backlight
unit 926 may have a structure in which a light guide plate or
a diffusion plate is fixed on a cold-cathode tube or an LED, or
may be aunit that emits light from the entire surface by means
of EL elements. The backlight unit 926 is connected via a
connector 9264 to an electronic apparatus body, and power is
supplied. Although not shown in the drawing, according to
need, an outer shell may be provided. Alternatively, a protec-
tive glass or acrylic plate may be mounted further on the upper
polarizer 924, or an optically compensating film may be
attached in order to improve the viewing angle.

Furthermore, the active matrix substrate 101 has an
extended section 927 protruding form the counter substrate
912. A flexible substrate FPC928a and an external driver
1C929 are mounted on the signal input terminals 601 (refer to
FIG. 4A), the common voltage input terminal 602 (refer to
FIG. 4A), and the output terminal 603 (refer to FIG. 4A)
which lie on the extended section 927, and a plurality of signal
input terminals on the active matrix substrate 101 are electri-
cally connected thereto. In the example shown in FIG. 5, two
ICs constitute the external driver IC929, but one or three or
more ICs may constitute the external driver 1C929. The flex-
ible substrate FPC928a is connected to a control substrate
921 provided with a power supply IC, a signal control IC, a
capacitor, a resistor, ROM, a backlight control unit 930, etc.,
so that reference voltages, control signals, and image data are
supplied to the active matrix substrate 101. The control sub-
strate 921 is also connected via a connector 928¢ to the
backlight unit 926, and the backlight control unit 930 on the
control substrate 921 enables ON/OFF control and brightness
adjustment of the backlight unit 926.

The control substrate 921 inputs via the flexible substrate
FPC928a signals (output signals OUT1 to OUTS) of the
sensor 1 and the A/D conversion circuit 100a that are output
from the output terminal 603. Similarly, the control substrate
921 outputs range-switching signals V1 via the flexible sub-
strate FPC928a4 to the sensor 1 and the A/D conversion circuit
100a, and thus the measurement range of the sensor 1 and the
A/D conversion circuit 100a can be switched. Since the out-
put signals OUT1 to OUTS change in response to the external
illuminance, the backlight control unit 930 on the control
substrate 921 adjusts the brightness of the backlight unit 926
or turns ON/OFF the backlight unit 926 on the basis of the
signals, and thus the backlight unit 926 can be controlled such
that optimal visibility is set according to external light.

A specific backlight control algorithm of the backlight
control unit 930 is shown in FIG. 6. The brightness control
signals sent from the backlight control unit 930 to the back-
light unit 926 constitute 1 byte of data (0 to 255). When the
control signal is 255, the brightness is maximum. When the



US 7,893,932 B2

11

control signal is 0, the backlight is off. First, the backlight
control unit 930 sets V1 to be equal to VS and reads data of
output signals OUT1 to OUTS. If the output signals OUT1 to
OUTS are all High (VD), V1 is switched to VD, and reading
is performed again. After switching, if the output signals
OUT1to OUT8 are all Low (VS), V1 is again switched to VS.
The output signals OUT1 to OUTS are read by switching the
range in such a manner. With reference to the look-up tables
shown in FIG. 7, the set point is read on the basis of the status
of the output signals OUT1 to OUTS8 and V1, and the back-
light illuminance is set to the set point read. In this algorithm,
such an operation is repeated every 0.1 seconds. The look-up
tables shown in FIG. 7 are arranged such that when the illu-
minance is very low (substantially equal to the threshold
detectivity of the sensor 1), the backlight is turned on at a
certain illuminance so as to prevent glare; and as the bright-
ness increases, the illuminance is increased so as to prevent
visibility from being affected by external light. Since the
lower limit of the range in the case where V1=VD overlaps
with the upper limit of the range in the case where V1=V, the
set points overlap. Since the transmissive-mode liquid crystal
display device is taken as an example in this embodiment, the
backlight illuminance is set so as to flatly increase with exter-
nal light. However, in the case of a transflective-mode liquid
crystal display device, when the brightness of external light
increases to such an extent that satisfactory visibility is
obtained only by the reflective mode, the backlight is turned
off (setting=0).

In this embodiment, a structure has been described in
which external illuminance is measured by the sensor 1, and
the backlight brightness is automatically adjusted. However,
in accordance with other embodiments of the invention, vari-
ous sensors may be integrated onto substrates, such as a
structure in which a temperature sensor is integrated onto a
substrate, and by controlling the temperature dependency of
liquid crystal or backlight, optimal display characteristics are
always obtained. For example, in the case where a tempera-
ture sensor in which the impedance changes with temperature
is built in as expressed by equation (8), using equation (10)
instead of equation (6), the impedance Rsense is calculated
from the voltage VA, and by substituting the resulting value
into equation (8), the temperature is obtained. On the basis of
this result, the backlight unit 926 may be subjected to light
modulation, or the y characteristics are controlled so as to be
always optimal by the external driver IC 929. In such a man-
ner, embodiments of the invention can be applied to various
fields.

When equations (6) and (10) are used, the threshold value
Vth and the mobility p are required. In the case where there
are variations in Vth and p from transistor to transistor, cali-
bration is performed in advance, a voltage VA to current
Isense (or VA to Rsense) conversion table on the basis of
equations (6) and (10) is separately written into the module by
EPROM or the like, and the table is referred to when conver-
sion is performed.

FIG. 8 is a block diagram of an electronic apparatus
according to the first embodiment. The electronic apparatus
includes the liquid crystal display device 910, which is an
electro-optical device, described with reference to FIG. 5, a
display information processing circuit 780 that controls the
device, a central processing circuit 781, an external I/F circuit
782, an input/output module 783, and a power supply circuit
784. The display information processing circuit 780 rewrites
image data stored in random access memory (RAM) appro-
priately on the basis of a command from the central process-
ing circuit 781, and supplies image signals together with
timing signals to the liquid crystal display device 910. The
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central processing circuit 781 carries out various arithmetic
operations on the basis of input from the external I/F circuit
782, and outputs commands to the display information pro-
cessing circuit 780 and the external I/F circuit 782 on the basis
of arithmetic operations. The external I/F circuit 782 sends
information from the input/output module 783 to the central
processing circuit 781 and controls the input/output module
783 on the basis of commands from the central processing
circuit 781. Examples of the input/output module 783 include
a switch, a keyboard, a hard disk, and a flash memory unit.
The power supply circuit 784 supplies predetermined power
supply voltages to the individual constituent elements
described above.

Specific examples of the electronic apparatus include
monitors, TVs, notebook-sized personal computers, PDAs,
digital cameras, video cameras, mobile phones, photoview-
ers, video players, DVD players, and audio players.

As described above, by forming the sensor 1 and A/D
conversion circuit 100a having the configuration shown in
FIG. 1 on the active matrix substrate 101, and fabricating an
electro-optical device using the resulting structure, it is pos-
sible to produce a high value-added panel. Furthermore, by
applying the electro-optical device to an electronic apparatus,
it is possible to realize an electronic apparatus having high
display quality.

Second Embodiment

FIG. 9 is a circuit diagram showing a sensor 1 and an A/D
conversion circuit 1005 according to a second embodiment of
the invention. Referring to FIG. 9, a transistor 2, a transistor 4,
atransistor 15, and a transistor 16 constitute a current-voltage
conversion circuit that converts a current into a voltage. The
transistor 4, the transistor 15, and the transistor 16 constitute
a range-switching circuit that switches the current-voltage
conversion range of the current-voltage conversion circuit.

The transistor 4 is disposed in parallel to the transistor 2, a
drain electrode being connected to a Node-A, a source elec-
trode being connected to a power supply voltage VS. A gate
electrode of the transistor 4 is connected via the transistor 15
to the Node-A, and connected via the transistor 16 to the
power supply voltage VS. A range-switching signal V1 is
input into a gate electrode of the transistor 15, and a signal
XV1 is input into a gate electrode of the transistor 16.

The signal XV1 has a polarity opposite to that of the range-
switching signal V1 (namely, when the range-switching sig-
nal V1 is the power supply voltage VD, the signal XV1 is the
power supply voltage VS; and when the range-switching sig-
nal V1 is the power supply voltage VS, the signal XV1 is the
power supply voltage VD). The channel width W of the tran-
sistor 2 is 10 pm, and the channel width W of the transistor 4
is 990 um. The channel width W of each of the transistors 15
and 16 is 50 um, and the channel length L. of each of the
transistors 2, 4, 15, and 16 is 6 um.

When V1=VS and XV1=VD, the transistor 15 is OFF and
the transistor 16 is ON. Thus, a current 12 flowing between
drain and source of the transistor 4 is nearly equal to zero.
That is, when Isense=I1, provided that the mobility of each of
the transistors 2 and 4 is 100 cm*/V/S, Vkink=6 V, the thick-
ness of the gate insulating film is 100 nm, and Ileak of the
transistor 2 at Vds=Vgs=Vthis 10nA, equation (6) is satisfied
in a I1 range of 10 nA to 80 pA.

When V1=VD and XV1=VS, the transistor 15 is ON and
the transistor 16 is OFF. Hence, 12=I1x99, namely,
Isense=I11+12=100xI1. Equation (6) is satisfied in an Isense
range of 1 uA to 8 mA. Consequently, as in the first embodi-
ment, measurement can be performed in an Isense range of 10
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nA to 8 mA. That is, the measurement dynamic range is about
800,000:1. In the circuit configuration according to this
embodiment, although the number of elements and the num-
ber of signals increase compared with the first embodiment,
the voltage between drain and source applied on each of the
transistor 2 and the transistor 4 is always constant. Thus, it is
expected that the operation can be performed accurately in a
wider range, which is advantageous.

In this example of configuration, instead of the comparator
circuits 31 to 38 used in the first embodiment, eight CMOS
inverters are arranged, the CMOS inverters including
N-channel transistors 6N1 to 6N8 and P-channel transistors
6P1 to 6P8, gate electrodes of which being connected to the
Node-A. The CMOS inverters are connected to terminals of
output signals OUT1 to OUTS, respectively.

The individual inverters are designed to have different N/P
width ratios and different operating points. Here, the operat-
ing point is defined as an input voltage at which the output
from the inverter inverts. For example, in the N-channel tran-
sistor 6N1, channel width W=150 um; in the P-channel tran-
sistor 6P1, channel width W=5 pm; in N-channel transistor
6N2, channel width W=50 um; in P-channel transistor 6P2,
channel width W=5 um; in N-channel transistor 6N3, channel
width w=20 um; in P-channel transistor 6P3, channel width
W=5 um; in N-channel transistor 6N4, channel width W=20
um; in P-channel transistor 6P4, channel width W=10 pum; in
N-channel transistor 6N5, channel width W=10 um; i
P-channel transistor 6P5, channel width W=10 pum; i
N-channel transistor 6N6, channel width w=10 um;
P-channel transistor 6P6, channel width W=20 pum; i
N-channel transistor 6N7, channel width W=5 pm; in P-chan-
nel transistor 6P7, channel width W=20 um; in N-channel
transistor 6N8, channel width W=5 pm; and in P-channel
transistor 6P8, channel width w=50 um.

By setting as described above, the inverter connected to the
output signal OUTn has a lower operating point than that of
the inverter connected to the output signal OUTn+1. It is
possible to determine the voltage VA of the Node-A by refer-
ring to the output results of the output signals OUT1 to OUTS8
asinthe first embodiment. In this method, in comparison with
the configuration shown in FIG. 1, the operating point volt-
ages of the individual inverters vary depending on Vth of
transistors, and thus the accuracy is low. However, the refer-
ence voltage Vref is not required, and the number of constitu-
ent elements is small. Consequently, this method is more
suitable than the configuration shown in FIG. 1 in the case
where an intended purpose is achieved by obtaining rough
values.

The active matrix substrate, the electro-optical device, and
the electronic apparatus, each including the electronic circuit
according to this embodiment are completely the same as
those in the first embodiment, and a description thereof will
be omitted. Furthermore, in place of the CMOS inverters,
CMOS clocked inverters may be used.

Third Embodiment

FIG. 10 is a circuit diagram showing a sensor 1 and an A/D
conversion circuit 100¢ according to a third embodiment of
the invention. Referring to FIG. 10, a transistor 2, a transistor
4, a transistor 8, a transistor 5, and a transistor 7 constitute a
current-voltage conversion circuit that converts a current into
a voltage. The transistor 4, the transistor 8, the transistor 5,
and the transistor 7 constitute a range-switching circuit that
switches the current-voltage conversion range of the current-
voltage conversion circuit.
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A gate electrode of each of the transistors 2, 4, and 8 is
connected to a Node-A, and a source electrode of each of the
transistors 2, 4, and 8 is connected to a power supply voltage
VS. A drain electrode of the transistor 4 is connected via the
transistor 5 to the Node-A, and a drain electrode of the tran-
sistor 8 is connected via the transistor 7 to the Node-A. A first
range-switching signal V1 is input to the gate electrode of the
transistor 5, and a second range-switching signal V2 is con-
nected to the gate electrode of the transistor 7. The channel
width W of the transistor 2 is 10 um, the channel width W of
each of the transistors 4 and 5 is 990 um, the channel width W
of'each of the transistors 7 and 8 is 4,000 pm, and the channel
length L of each of the transistors 2,4,5,7, and 8 is 6 pm.

When V2=VS and V1=VS, the transistors 5 and 7 are each
OFF. Thus, a current 12 flowing between drain source of the
transistor 4 and a current 13 flowing between drain and source
of the transistor 8 are each nearly equal to zero. That is,
provided that the mobility of each of the transistors 2, 4, and
8 is 100 cm?/V/S, Vkink=6V, the thickness of the gate insu-
lating film is 100 nm, equation (6) is satisfied in an Isense
(=11) range of 10 nA to 80 pA. When V1=VD and V2=VD,
the transistors 2, 4, and 8 have the same gate voltage
(Vgs=VA-VS) and operate in a saturation region. Thus, on
the basis of the width ratios, 13=I1x400 and 12=11x99. That
is, since Isense=I1+I12+I3, Isense=I1x500. Therefore, equa-
tion (4) is satisfied in an Isense range of 5 pA to 40 mA.
Consequently, by switching between the first range-switch-
ing signal V1 and the second range-switching signal V2, it is
possible to measure the current Isense in a range of 10 nA to
40 mA. That is, the measurement dynamic range is 4,000,
000:1.

Since accuracy is degraded in the vicinity of the range
switching point, i.e., at Isense in the range of 5 to 80 pA, it is
preferable to use a setting in which V2=VD and V1=VS or a
setting in which V2=VS and V1=VD in such a range.

According to this embodiment, in order to detect the volt-
age VA of the Node-A, a comparator circuit 3 only is used. A
reference voltage Vref of the comparator circuit 3 is con-
nected to ends of nine CMOS transmission gates 91 to 98. The
other ends of the CMOS transmission gate 91 to 98 are con-
nected to outputs of a ladder resistor including resistors 21 to
29 with supply voltages VD and VS, and applied with difter-
ent voltages. When only one of the CMOS transmission gates
91 to 98 is turned on by selection signals SEL.1 to SEL8 and
opposite polarity signals XSEL1 to XSELS8, which have
polarity opposite to that of the signals SELL. to SEL8, any one
of'the voltages is applied as the reference voltage Vref to the
comparator circuit 3. Consequently, by sequential switching
of'the selection signals SELL to SEL8 and the opposite polar-
ity signals XSEL1 to XSEL8 and by measuring the output
signal OUT at that time, it is possible to calculate the voltage
VA.

For example, provided that the resistors 21 to 29 have the
same resistance R1 of 1 MQ, the voltages applied to the
CMOS transmission gates 91, 92, . . . , 98, respectively, are
(VD+VS)+9, (VD+VS)x2+9, . .., (VD+VS)x8+9. The volt-
age of the terminal of the output signal OUT is measured by
sequentially selecting selection signals SEL1 to SEL.8 and the
opposite polarity signals XSEL1 to XSELS (during selection,
the selection signal SELn is set to be the power supply voltage
VD and the opposite polarity signal XSELn is set to be the
power supply voltage VS; and during non-selection, oppo-
sitely set). If the output of the terminal of the output signal
OUT is Low (=VS) when the selection signals SELL to SEL3
and the opposite polarity signals XSEL1 to XSEL3 are
selected, and if the output of the terminal of the output signal
OUT is High (=VD) when the selection signals SEL4 to SEL8
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and the opposite polarity signals XSEIL.4 to XSELS8 are
selected, the voltage VA is in a range of (VD+VS)x3+9 to
(VD+VS)x4+9. By substituting the resulting value into equa-
tion (6), the range of current Isense is determined, and thus,
the range of illuminance is easily determined.

The invention is not limited to the embodiments, and is
applicable to any sensor that converts a measured quantity to
a current, in addition to optical sensors and temperature sen-
sors. As the electro-optical device, organic EL displays and
the like may be used, besides liquid crystal display devices.
As the substrate, in place of a glass substrate, a quartz sub-
strate or a plastic substrate may be used.

Furthermore, the constituent elements of the embodiments
may be properly combined with each other. Namely, in the
first embodiment, in place of the comparator circuits 31 to 38,
inverters including the N-channel transistors 6N1 to 6N8 and
P-channel transistors 6P1 to 6P8 according to the second
embodiment may be combined. On the other hand, in the
second embodiment, instead of the inverters, the comparator
circuits 31 to 38 according to the first embodiment may be
used. The same applies to the third embodiment.

The number of range-switching signal is not limited to one
ortwo, but may be three or more. Furthermore, the number of
comparators, inverters, or transmission gates may be
increased so that A/D conversion can be performed in
increased number of gradations.

The entire disclosure of Japanese Patent Application No.
2006-124920, filed Apr. 28, 2006 is expressly incorporated by
reference herein.

What is claimed is:

1. An electronic circuit having transistors disposed on a
substrate, each transistor including an active layer made of
thin-film polysilicon, the electronic circuit comprising:

a sensor that converts a measured quantity into a current

value;

a current-voltage conversion circuit that converts the cur-

rent value into a voltage; and

a voltage detection circuit that detects the voltage con-

verted by the current-voltage conversion circuit and out-
puts a predetermined signal,

wherein the current-voltage conversion circuit includes a

range-switching circuit that switches from a first cur-
rent-voltage conversion range to a second current-volt-
age conversion range, wherein the current-voltage con-
version circuit has field-effect transistors each including
anactive layer made of thin-film polysilicon disposed on
the substrate and includes a first transistor and a second
transistor connected in parallel, and a control circuit that
is connected to the second transistor and controls a cur-
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rent flowing into the second transistor; and wherein the
second transistor and the control circuit constitute the
range-switching circuit, and by controlling the current
flowing into the second transistor by a range-switching
signal, the first current-voltage conversion range of the
current-voltage conversion circuit is switched to a sec-
ond current-voltage conversion range.

2. The electronic circuit according to claim 1, wherein the
sensor is a PIN junction diode or a PN junction diode includ-
ing an active layer made of thin-film polysilicon, the active
layer being the same layer as the active layer of each of the
first transistor and the second transistor, and the measured
quantity corresponds to a light illuminance.

3. The electronic circuit according to claim 1, wherein the
sensor is a resistor including a layer of thin-film polysilicon,
the layer being the same layer as the active layer of each of the
first transistor and the second transistor, and the measured
quantity corresponds to a temperature.

4. The electronic circuit according to claim 1, wherein the
voltage detection circuit includes a plurality of comparator
circuits having the same circuit configuration, and different
reference voltages are applied to the comparator circuits.

5. The electronic circuit according to claim 1, wherein the
voltage detection circuit includes a plurality of CMOS invert-
ers or CMOS clocked inverters having different ratios of the
channel width of an N-channel transistor to the channel width
of a P-channel transistor.

6. The electronic circuit according to claim 1, wherein the
voltage detection circuit is a comparator circuit, and different
reference voltages are applied sequentially thereto.

7. An electro-optical device comprising the electronic cir-
cuit according to claim 1.

8. An electronic apparatus comprising:

the electro-optical device according to claim 7; and

a display information processing circuit that processes dis-

play information to be displayed on the electro-optical
device.

9. The electronic circuit according to claim 1, wherein the
range-switching circuit switches from at least one of the first
current-voltage conversion range and the second current-
voltage conversion range to a third current-voltage conver-
sion range.

10. The electronic circuit according to claim 1, wherein an
upper limit of the first current-voltage conversion range is
higher than a lower limit of the second current-voltage con-
version range, such that the first current-voltage conversion
range overlaps with the second current-voltage conversion
range.



